Electroslag remelting process will be an important method for manufacturing heavy casing and forging due to its ability to improve the cleanness, macrostructure, microstructure, the distribution and size of non-metallic inclusions. In this paper, a finite element coupling model has been developed based on four electrodes configuration mode for manufacturing large ingot. Maxwell equation, Faraday's law, NavierStokes equation, heat transfer equation has been adopted in the model to analyze the current density, Joule-heat density, magnetic induction intensity and electromagnetic force and fluid flow distribution. The impact of slag depth, electrodes immersion depth and filling ratio on the molten pool depth has been analyzed. Results indicated that four electrodes with two sets of bifilar configuration are better than single phase with one electrode type. The molten pool is shallower for four electrodes than conventional single electrode mode, which is in favor of improving large ingot quality. The larger slag pool depth is the shallower the molten pool is. The depth of molten steel pool increases with the increasing of electrode immersion depth under the same slag depth condition. In addition, increasing filling ratio can reduce the depth of molten steel pool, but the filling ratio should be less than 0.6 according to area for general materials. Comparing to the single electrode mode four electrodes configuration mode is in favor of manufacturing large ingot.
Introduction
With the development of economy, society, and the growth of population, production of heavy casting and forging has become the basis of major equipment manufacturing industry, which is also the critical step for electricity, metallurgy, petrochemical, shipbuilding, railway, mining, aerospace, military, engineering and so on. ESR is a suitable process for production of high quality heavy casting and forging due to its ability to improve the cleanness, macrostructure, the distribution and size of non-metallic inclusions. 1, 2) Even if ESR is a good method for producing heavy ingot, but the larger the ingot is the higher the sensitive to segregation. Electrode configuration and operating parameters play an important role in ESR process, especially for manufacturing large casting and forging. They can both influence the shape and depth of molten pool; further affect the ingot quality.
3) Many physical capital, financial capital and natural resources will be taken and expended for establishing electrode configuration and operating parameters. However, mathematical model is a good method, which will help us to choose reasonable parameters. 3, 4) Though many mathematical models [5] [6] [7] [8] [9] [10] [11] [12] [13] have been developed for simulating the process since birth of this technology, which aims to understand the process and analysis impact of various factors on the ingot quality, most models are based on small-scale furnace and single phase with one electrode. The latest literature 14) is still for single electrode electroslag remelting process. Furthermore, mathematical model is propitious to grope for appropriate electrode configuration and operating parameter and to save time and money. At present, in our world there are a lot of small-scale ESR furnaces, but few large one. In addition, large-scale ESR furnace has a very big difference with conventional small furnace. The larger the ingot is, the larger element prone to segregation is. 1, 2) Moreover, the configuration of electrode has great influence on ingot quality. 13) Few literatures 15) about the impact of process parameters and electrode configuration on the remelting process have been found for large-scale ESR furnace now.
A model with single electrode, three electrodes and four electrodes for remelting process have been developed before. 16, 17) In this paper, the influence of slag depth, filling ratio and electrode immersion depth on the temperature of slag pool and molten steel pool have been studied. The work to be described is based on the following assumptions:
(1) Slag-electrode and slag-metal boundaries are presented by horizontal surfaces;
(2) Quasi-steady state; (3) Voltage loss is only in the molten slag pool; © 2012 ISIJ (4) Continuity of heat flux at all the external surfaces and at the slag-metal interface;
(5) The tip of the electrode is the liquidus temperature; (6) Latent heat is expression as enthalpy; (7) Physical chemistry properties of steel and slag associated only with temperature.
Mathematical Model and Boundary Conditions
As it is well known, the electrode remelting process is a very complex system, involving electromagnetic fields, fluid flow phenomena, heat transfer etc., which should be also considered in simulation. [6] [7] [8] Regarding the thermal model for four electrodes configuration mode, a two-dimensional approach does not seem to be entirely adequate and therefore a three-dimensional model is recommended. Smart meshing has been adopted. Figure 1 is the physical model and meshing figure. Figure 2 is the physical concept of the process and its boundary.
Transport Equation for the Magnetic Fields
The essential transport equation of electromagnetic fields can be expressed as following forms: In this equation E is electric-field intensity, B represents magnetic induction intensity, H stands for magnetic field intensity, J is current, μ0 is magnetic permeability, V is velocity of molten bath.
The physical constraints for magnetic field equation are as follows:
(r=0) (z=z4, Re≤r≤Rm; z=z1, 0≤r≤Rm)
Fluid Flow Equation
Fluid flow, driven by electromagnetic force, buoyancy, etc., is an important phenomenon in ESR system. Electromagnetic force field plays the major role in the fluid flow. The equation of fluid flow may be given as the vortex transport equation at axisymmetric 7, 12, 18) cylindrical coordinate system for conventional single electrode process. However, it is not axisymmetric for multi-electrode process. Therefore, the fluid flow in ESR process can be described using In which, v is velocity of fluid, ρ represents density, P stands for pressure force, μeff is effective viscosity, F stands for volume force including electric magnetic force and buoyancy, T is temperature of fluid, g stands for gravitational acceleration.
Boundary conditions for equations above are expressed using the following physical constraints: (r=0, z2≤z≤z4) (z=z4, Re≤r≤Rm, 0≤r≤R0) (z=z4, Re≤r≤Rm, 0≤r≤R0; z=z2, 0≤r≤Rm) 
(r=R0, z3≤z≤z4; r=Re, z3≤z≤z4; r=Rm, z2≤z≤z4)
In which ψ is stream function, κ and ε are kinetic energy of turbulence and dissipation rate of turbulence energy respectively, ξ stands for vorticity, 0 represents boundary gird node, and 1 is adjacent to 0 node in r direction.
Heat Transfer Equation
By coupling of the electromagnetic fields and fluid flow equations, the governing equations of thermal transfer for slag pool region can be expressed in the following form:
.... (10) In which, r is radius, Cp represents specific heat of liquid slag, Vc stands for casting rate, K is thermal conductivity, ST is net heat generation rate in slag and it can be expressed as:
Qd is heat absorption rate by droplet in slag, Qj represents Joule heat generation rate. In addition, below the electrode χ is 1, or else 0.
The equations for electrode, metal pool, mushy zone and ingot can be described as the following form: 
Numerical Solution of Governing Equations
In this paper, the simulation is based on a large industrial plant with four electrodes including two sets of bifilar configuration using for producing 80 t ingot. Three-dimension Cartesian coordinate system is employed for simulating the process. Finite element software Ansys has been employed for simulating large-scale ESR process based on electromagnetic field equation, fluid flow equation and heat transfer equation. Figure 3 is the simplified flow diagram for the computational scheme. The dimension of mould is Φ1 800×4 500 mm, and the slag is 70%CaF2-30%Al2O3.
The main parameters used in this model are listed in Tables 1 and 2 . Carbon steel of 0.45 percent carbon content has been adopted in this paper. 21) Carbon steel of 0.45 percent carbon content has been employed. The diameter of electrode and mould are 0.036 m and 0.128 m, respectively. Input power is 80 kW for every heat. Different slag height from 70 mm to 100 mm has been adopted in experiments. Some FeS has been added in furnace during remelting process. Sulfur print has been done to define the outline and dimensions of molten steel pool. Simulation has been done using the model and molten steel pool has been obtained. Figure 4 is the schematic of meshing of finite element simulation for small single electrode ESR system. Figure 5 is the comparison of simulation for molten steel pool and experiment results.
According to the sulfur print results the depth of molten steel pool is from 54 mm to 38 mm. The results of simulation are from 49 mm to 31 mm for liquidus position and it is 62 mm to 43 mm for solidus position. The results for sulfur print and calculated value is very close. In addition, the basic principle is the same for small and large scale ESR process. Therefore, the model is very accurate for simulating the shape and depth of molten steel pool for remelting process and it can be extended to large ESR process.
Influence of Slag Height on the ESR Process
The model was used to calculate industrial 80 t ESR process. In order to investigate the influence of slag height on the ESR process, different amount of slag of 200 mm, 250 mm and 300 mm in height with the same compositions have been adopted during the process, respectively. The dimensions of electrode are 350 mm in diameter and input power supply is 2 400 kW. In the case of bifilar configuration, high current is mainly distributed at the edge of the electrode tip as shown in Fig. 6 . The highest current density lies in the middle of two electrodes composed of bifilar configuration. In addition, results indicate that the highest current density in liquid slag pool decreases gradually from 502.438 kA·m -2 to 438.243 kA·m -2 and to 397.439 kA·m -2 with the increasing of slag height as shown in Fig. 7 , which result in different heat flux density in slag pool.
As is well known, the electrode is molten by resistance heating generated in liquid slag pool 3, 18) when current transfer through it. The capacity of resistance heating has relationship with current density distribution in liquid slag pool besides the physical properties of slag. Figure 8 illustrates the heat generation density distribution in slag pool for different slag height. It can be seen from it that the largest heat generation density lies in the interface between the electrode tip and slag. The further from this position is the smaller of the heat generation density is. The trend of heat generation density is similar to the current distribution in liquid slag pool.
Magnetic induction intensity distributions have been simulated for electrode, liquid slag and ingot. Research suggests that regularity of magnetic flux density is similar to current density distributions in them. Figure 9 showed the magnetic induction intensity distributions in liquid slag pool. Magnetic induction intensity distributions are similar to the current density distributions in slag. Magnetic induction intensity is the largest in electrode, and it is the least in ingot. Magnetic induction intensity is less than those in liquid slag pool. The largest magnetic induction intensity is in the middle of the both electrodes. According to the simulation in this paper, the range of magnetic induction intensity is from 0 to 2.37×10 -2 T. Otherwise, electromagnetic force distribution will influence the fluid flow of liquid slag and molten pool, which will affect the quality of ingot. Therefore, it is important parameters in ESR process. Figure 10 is the electromagnetic force distributions for ESR system. It can be seen from this figure the electromagnetic force is larger in the slag pool than in the molten steel pool. In addition the direction of magnetic force is downward, which is different from the conventional single electrode process. 7) Fluid flow of liquid slag has been calculated on the base of above work. Figure 11 shows the vectors of velocity of 50 mm from slag surface. Figure 12 is the velocity and temperature distribution in liquid slag pool and temperature distribution in ingot. The slag between the both of electrodes mainly flows downward. The liquid slag outward the electrodes mainly flows upward. These findings suggest there are four vortexes in liquid slag. The vortex is clockwise direction at the vicinity of the mould. It is anti-clockwise direction for the liquid slag pool between the both set of electrodes.
The results in Fig. 12 also showed that the depth of molten steel pool monotonically decreases with the increasing of the slag height. The depth of molten steel is 1/4 to 1/3 of mould diameter for four electrodes with two sets of bifilar configuration method; however, it is 1/3 to 1/2 of mould diameter for conventional single electrode single phase ESR process. 3, 18) Comparing with conventional single electrode single phase ESR process, the depth of molten steel pool is shallower for four electrodes with two sets of bifilar configuration method.
In addition, the widths of mushy zone are 0.07 m, 0.07 m and 0.08 m for 0.2 m, 0.25 m and 0.30 m slag height respectively according to the results of Fig. 12 . More heat energy has been taken away by cooling water in mould for more slag height and consequently less energy was introduced into the molten steel pool, which is the mainly reason for different molten steel depth. Shallower molten steel pool can decrease the width of mushy zone, and further it is in favor of improving the solidification quality of ingot. 8) Analysis showed that 250 mm of the slag height for remelting 80 t ingot is adaptive alternatives.
Impact of Electrode Immersion Depth on the ESR
Process It is well known, electrode immersion depth has some influence on the ESR process. In the following research, impact of electrode immersion depth on the process for manufacturing heavy ingot with four electrodes with two sets of bifilar configuration method has been investigated. In this part, the same amount of slag was adopted to obtain the same slag height. Results indicate that the largest current density in slag increase with the increasing of electrode immersion depth due to the distance reduction from the tip of electrode to slag-metal interface. The range of largest current density is from 438.243 kA/m 2 to 551.093 kA/m 2 when electrode immersion depth is from 10 mm to 30 mm. Different current density distribution leads to different magnetic induction intensity as shown in Fig. 13 . the range of magnetic induction intensity is from 0 to 5.3×10 -2 T. The high temperature position move downward with increasing of electrode immersion depth, which results in different molten steel depth as shown in Fig. 14 . It can be seen from this figure that the deeper of electrode immersion depth is the deeper of molten steel pool is. In the view of decreasing mushy zone depth and improving steel quality, shallower electrode immersion depth is feasible.
Impact of Electrode Diameter on the ESR Process
Filling ratio is an important parameter for designing ESR furnace. By adding filling ratio, productivity can be increased; production cost can be decreased, production cycle can be shortened. 3, 22) In this part, different filling ratio has been studied. The diameters of electrode are 350 mm, 400 mm and 450 mm and the filling ratio are 0.151, 0.198 and 0.250 according to area, respectively. The slag is 250 mm in depth and power supply is 2 880 kW. Figure 15 illustrates the calculated results. It can be seen from this figure that the depth of molten steel pool decreases with the increasing of the electrode diameter on the base of the same power supply. Shallow molten steel pool was favorable for decreasing element segregation and improving ingot quality.
However, Ballantyne 23) demonstrates that the ingot structure is controlled by the local solidification time (LST) rather than by the pool profile. We can't obtain local solidification time directly, so Flemings 24) put forward the relationship of LST and dendritic spacing as shown in Eq. (1). or ... (12) In which, d represents dendritic spacing; k1, k2, b and n are a coefficient relating to material; RC is local cooling rate; G represents temperature gradient; vr is local solidification rate. For a certain material we can obtain LST by measuring the dendritic spacing. As a matter of fact, LST is relevant to shape and depth of molten steel pool, that is to say, the width of mushy zone has a great impact on LST. Molten steel pool is not visible during remelting process. Operating parameters and melting rate have been modified gradually to control the shape and depth of molten steel pool in order to improve the ingot quality for a long time.
In addition, Ballantyne 23) also demonstrates that the LST is not a linear function of the melting rate, but the melting rate is a controlled variable directly. Therefore, we can only control ingot quality by adjusting operating parameters and melting rate. Filling ratio is one of operating parameters we can adjust for controlling ingot structure.
Though the depth of molten steel pool decreases with the increasing the filling ratio, the filling ratio can't increase infinitely. Too large filling ratio will result in the increasing of shunt current through the mould. For general materials appropriate filling ratio should be less than 0.6 according to area with many years experience.
Comparison with Single Electrode Mode
In order to emphasis the advantage of four electrodes configuration mode than single electrode mode, the shape and dimensions of molten steel pool have been compared. The dimensions of mould is 1 800 mm. the electrode is 1 260 mm in diameter and 450 mm in diameter for single electrode and four electrode mode, respectively. Usually the filling ratio of 0.7 is compatible for single electrode configuration mode. The same input power of 2 400 kW and the same immersion depth have been adopted into the system. Figure 16 is the schematic of meshing of finite element simulation for single electrode ESR system. Figure 17 is the physical concept of the process. The simulation results have been illustrated in Fig. 18 . In this figure the level of slag-metal interface is zero in vertical direction. Different dimension and shape of molten steel pool has been lain out in the figure. It can be seen that the depth of molten steel pool of four electrodes mode is shallower than single electrode mode for manufacturing heavy ingot. The width of mushy zone is narrower for four electrodes mode, which is in favor of improving solidification quality.
Conclusions
Mathematical model of electroslag remelting process has been developed based on four electrodes configuration mode for manufacturing large ingot. Influence regularity of relevant operational parameters on the process has been analyzed, which will help us to choose reasonable parameters. The appropriate slag height is 250 mm according to calculation analysis. Electrode immersion depth should be shallower under the condition of keeping the process stabilization. Filling ratio should be less than 0.6. Results of comparison with single electrode mode suggest multi-electrode remelting process is feasible for manufacturing heavy ingot.
